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'nI" i Abstract. We study direct CP violation in —>■ p^p^{u)) — > p^tt+tt and focus 

specifically on the rate asymmetry in the p^-uj interference region. Here the strong 
phase is dominated by isospin violation, so that it can be essentially determined by 
\ e+e" — > p'^{io) — > TT+TT" data. We find the CP-violating asymmetry to be of the order 

■ of 20% at the lo invariant mass. Moreover, it is robust with respect to the estimable 

\ strong-phase uncertainties, permitting the extraction of sin a from this channel. 

p • Experimental programs in the next years at HERA, KEK, and SLAC will study 

^ ■ CP violation in the 5-meson system in the hope of identifying physics beyond the 

Standard Model. In the Standard Model, the so-called unitarity triangle associated 
with the CKM parameters a, /?, and 7 requires that these angles sum to vr [1]. Yet, 
^ ■ the experiments in the neutral B sector which would measure a, e.g., determine 

. merely sin2Q; [2], so that discrete ambiguities remain in a itself [3]. Here we con- 

sider CP violation in B"^ — >• p^p^iuj) — >■ p^tt+tt", with p^iuj) denoting the p^-u 
interference region, proposed by Enomoto and Tanabashi [4] . The rate asymmetry, 
which is CP-violating, arises exclusively from a nonzero phase in the CKM matrix, 
so that the CP violation is termed "direct." The manner in which CP- violation 
is generated differs from that of the neutral meson case, so that the asymmetry 
depends on sin a. Its determination, then, removes the mod(7r) ambiguity in a in- 
herent in the sin 2a measurement [3]. The rub, however, is that direct CP violation 
requires that both a strong and weak phase difference exist between two interfering 
amplitudes [5], so that information on the weak phase is generally obscured by 
strong interaction uncertainties. In the above case, however, data in e^e~ —>■ tt+tt" 
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in the p'^-uj inteference region substantially constrains the strong phase [6]. Here 
we discuss the remaining uncertainties in the sin a determination, and show how 
they may be obviated with further experimental data. 

Resonances can play a strategic role in direct CP violation. Resonance infor- 
mation, such as the mass and width, can be used to constrain the strong phase, 
and their interference can significantly enhance the CP- violating asymmetry [7,8]. 
Both these effects are operative in hadronic B-decays in the p^-u interference region 
[4,9]. In p'^p^{uj)^ p-uo interference is the dominant source of strong phase, 

and it can be determined through fits to e+e" — > 7r"'"7r~ data [6]. We also have 
computed the additional isospin violating effects arising from electroweak penguin 
contributions and within the p~ and p° hadronic form factors. Their impact is 
small, however, relative to that of the p-u mixing contribution. The asymmetry 
we predict is of order of 20% at the uo invariant mass; the asymmetry is both large 
and robust with respect to the known strong phase uncertainties. 

The CP-violating asymmetry in — > p='=7r'^7r~ is significantly enhanced by p'^-uj 
mixing. To see why this is so, consider the amplitude A for B~ — > p~Tr'^Tr~ decay: 

A = {'K+T:-p-\n^\B') + {'K+'K-p-\H^\B-) , (1) 

where A is given by the sum of the amplitudes corresponding to the tree and 
penguin diagrams, respectively. Defining the strong phase 5, the weak phase 0, 
and the magnitude r via 

A = (7r+7r-p-|7i^|S-) [l + re'^ e^^] , (2) 

one has A = {tt^tt' p~^\'H^\B~^)[l + re*^ e^"^]. Thus, the CP-violating asymmetry 
Aqp is 
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SO that both 5 and must be non-zero to yield a non-zero asymmetry. Here is 
-a [1]. 

To express 6 in terms of the resonance parameters, let ty be the tree amplitude 
and pv be the penguin amplitude to produce a vector meson V. Thus, the tree and 
penguin amplitudes for B~ — > p~7r'^7r'~ can be written as 

{71+71- p-\n^\B-) = ^Hp^t, + ^t, , (4) 

{7T+7T- p-\n''\B-) = ^H^p. + . (5) 

Note that Ilpu, is the effective p'^-cu mixing matrix element, gp is the p° — > 7r"'"7r~ 
coupling, l/sy is the vector meson propagator, sy = s — m\ + imvPy, with my 
and Ty the vector meson mass and width, and s is the invariant mass of the tt+tt" 



pair. ITp^ is extracted from pion form-factor data, as measured in e^e —>■ tt'^tt , 
and it is insensitive to the ambiguities in the p parametrization [10]. We have fit 
fipcois) = ii^iml) + {s- ml)U'p^{ml) to find Upoj{ml) = -3500 ± 300 MeV^ and 
U.'p^{ml) = 0.03 ± 0.04 [10]. Using 
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and the definitions of Ref . [4] : 

P^ = ^r^i{s,+<t>) ^ hi = ae''-, ^ = /3e^^^ (7) 
tp tp 

one finds, to leading order in isospin violation, 

{flp^ + Pe''^(s^-flp^ae''-)} . (8) 
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Note that 5^, 5/3, and 5q are "short-distance" phases, generated by putting the 
quarks in loops on their mass-shell [5]; this mechanism is the typical source of 
strong phase. A J = 0, / = p^p^ final state is forbidden by Bose symmetry 
if isospin is perfect, so that /3 is non-zero only if electroweak penguin contribu- 
tions and isospin violation in the and p° hadronic form factors are included. 
Numerically, \IlpLu\/{fn^Ti^) ^ f3. The resonant enhancement of the CP- violating 
asymmetry is thus driven by Hpuj/si^. As s m^, the asymmetry is maximized if 
Ixl = \Ilp^\/m^T^ ~ 0(1) and Sg + rj =t'?'"/2, where r] = — arg s^. Here \x\ ~ -53 
[10,1] and r] = -7r/2. Note that Sq< - 161° [4], so that Sq + r]< - 251° at the u 
mass. 

The CP- violating asymmetry from Eqs. (3,8), then, is determined by the reso- 
nance parameters Hp^j, m^^, F^, and the "short distance" parameters a, /j, 5p, 
r', 6q, as well as 0, the weak phase. The latter class of parameters are calculable 
within the context of the operator product expansion if the factorization approx- 
imation is applied, though a ratio of hadronic form factors enters as well. Here 
that ratio is modified from unity by isospin-violating effects only. Using the above 
method, we find asymmetries of the order of 20% at the uj invariant mass, and an 
asymmetry of this magnitude is retained even if the imaginary parts of the effective 
Wilson coefficients are set to zero [6]. 

From our earlier discussion, however, it is clear that the sign of sin is of unique 
significance, so that it is useful to consider how it may be extracted. If r < .5 
then the sign of the CP- violating asymmetry is determined by sin 6 and sin 0. As 
s — > m^, the sign of sin 5 is determined by 

sgn(sin S) = sgn(cos 6q Imfl + sin 6g Refl) , (9) 

where Q = /9(cos Sjs — x sin 6/3) — ~ P cos 6/3) — (3 sin 5p) in this limit, recalling 

X = Hpo;/ {j^uj^uj) ■ As 1x1 > /3, the sign of sin 5 is determined by — x cos 5q. The sign 



of X is just that of Hpu, but what of that of cos Sq7 To determine this, note that the 
"skew" of the asymmetry — the sign of the (s — m^) term multiplying l/|sa,| in sin 5 
from Eq. (8) — determines the sign of sin Sq as \x\ > (3. Note that the empirical 
s-dependence of T{p^^{s) about s = does not cloud this interpretation [6]. In the 
factorization approximation, the sign of sin dq is invariably that of cos dq [4] , yet 
one need not assume this. The sign of the asymmetry in — > p'^u; — > p^Tr'^n'n^ 
is driven by sin5qSin0, and it is also large [11]. The signs of the two asymmetries, 
whether they arc the same or different, determines the sign of cos Sq once the 
sign of sin 6q is known. In this manner, the sign of sin0, or specifically that of 
— sin a [1], is determined without the need of the factorization approximation. The 
assumptions needed are that r < .5 and |x| > /3 — both are borne out in our 
analysis [6]. The data needed in order to effect this extraction are the asymmetry 
and its shape in B"^ p^p^iuj) p'^n~^7:~ about s — and the asymmetry in 
B"^ p'^LU —>■ p^7r+7r~7r°. 

We thank H.J. Lipkin for helpful discussions, and A. Kagan, W. Korsch, and G. 
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